Functional neuroimaging studies provide converging evidence for existence of intrinsic brain networks activated during resting states and deactivated with selective cognitive demands. Whether task-related deactivation of the default mode network signifies depressed activity relative to the remaining brain or simply lower activity relative to its resting state remains controversial. We employed 3D arterial spin labeling imaging to examine regional cerebral blood flow (CBF) during rest, a spatial working memory task, and a second rest. Change in regional CBF from rest to task showed significant normalized and absolute CBF reductions in posterior cingulate, posterior-inferior precuneus, and medial frontal lobes . A Statistical Parametric Mapping connectivity analysis, with an a priori seed in the posterior cingulate cortex, produced deactivation connectivity patterns consistent with the classic ''default mode network'' and activation connectivity anatomically consistent with engagement in visuospatial tasks. The large task-related CBF decrease in posterior-inferior precuneus relative to its anterior and middle portions adds evidence for the precuneus' heterogeneity. The posterior cingulate and posterior-inferior precuneus were also regions of the highest CBF at rest and during task performance. The difference in regional CBF between intrinsic (resting) and evoked (task) activity levels may represent functional readiness or reserve vulnerable to diminution by conditions affecting perfusion.
Functional neuroimaging studies provide converging evidence for existence of intrinsic brain networks activated during resting states and deactivated with selective cognitive demands. Whether task-related deactivation of the default mode network signifies depressed activity relative to the remaining brain or simply lower activity relative to its resting state remains controversial. We employed 3D arterial spin labeling imaging to examine regional cerebral blood flow (CBF) during rest, a spatial working memory task, and a second rest. Change in regional CBF from rest to task showed significant normalized and absolute CBF reductions in posterior cingulate, posterior-inferior precuneus, and medial frontal lobes . A Statistical Parametric Mapping connectivity analysis, with an a priori seed in the posterior cingulate cortex, produced deactivation connectivity patterns consistent with the classic ''default mode network'' and activation connectivity anatomically consistent with engagement in visuospatial tasks. The large task-related CBF decrease in posterior-inferior precuneus relative to its anterior and middle portions adds evidence for the precuneus' heterogeneity. The posterior cingulate and posterior-inferior precuneus were also regions of the highest CBF at rest and during task performance. The difference in regional CBF between intrinsic (resting) and evoked (task) activity levels may represent functional readiness or reserve vulnerable to diminution by conditions affecting perfusion.
Keywords: ASL, cerebral blood flow, cingulate, default mode network, precuneus Introduction Nonactivated, resting state functional neuroimaging studies provide converging evidence for the existence of intrinsically connected brain networks. These resting state networks are considered pertinent as antecedent states to specific cognitive functions, such as executive control and salience detection (Seeley et al. 2007; Buckner et al. 2008; Krienen and Buckner 2009) . Of special prominence is the ''default mode network,'' comprising the posterior cingulate cortex, precuneus, inferior parietal cortex, medial prefrontal cortex (Shulman et al. 1997; Mazoyer et al. 2001; Raichle et al. 2001; Greicius et al. 2003 Greicius et al. , 2004 , and also the medial temporal lobe (Greicius et al. 2004; Andrews-Hanna et al. 2010; cf. Minoshima et al. 1997) . Activity of this network is considered to be a fundamental ''intrinsic'' aspect of brain functioning and has been posited to be a component of consciousness, sense of self, self-referential processing, and episodic memory (Raichle et al. 2001; Vincent et al. 2006; Buckner et al. 2008) . First noted as regions of decreased blood oxygenation level--dependent (BOLD) activity when subjects engaged in tasks compared with nontask conditions (Shulman et al. 1997; Raichle et al. 2001) , intrinsic networks are also demonstrable with BOLD in the ''resting state'' (Fox et al. 2009 ). During a resting state, nodes of the default network have higher correlated intrinsic low-frequency BOLD signal ) or regional cerebral blood flow (CBF) (Zou et al. 2009 ) among themselves than with other brain structures. With engagement in selective tasks, such as working memory or visuospatial problem solving (Buckner et al. 2008) but not cognitively simple sensory processing tasks (Greicius et al. 2003) , this network is ''deactivated'' (Raichle et al. 2001) . Deactivation with task demands, however, may not necessarily indicate that the nodes of this network are inactive. Indeed, microelectrode unit recordings in cingulate, limbic, insular, and entorhinal cortices in the cat during waking and sleeping revealed a complex relationship between task-positive and resting-state networks; associated with decreased local field potentials was an increased cell firing rate in the same network, suggesting enhanced rather than reduced activity with attentional demands in a task-off brain region (Popa et al. 2009 ). Whether task-related deactivation of the default mode network in humans signifies depressed activity relative to the remaining brain or simply lower activity relative to its resting state level yet equal to or higher than other brain regions, remains controversial. Determination of which of these possibilities characterizes the switch from intrinsic to evoked activity of the default mode network requires absolute quantification of regional brain activity in the context of a rest versus cognitive challenge experiment.
Neural activity associated with cognitive demands is mediated by complex interactions between neurons, glial cells, and vascular smooth muscle cells (D'Esposito et al. 2003) and marked by changes in CBF local to regions involved in meeting task demands (Leniger-Follert and Hossmann 1977) . Thus, fluctuations in CBF can provide contrast between an active brain region and surrounding resting tissue (Kelly et al. 2010) and serve to localize brain regions that comprise a functional network (e.g., Raichle and Snyder 2007) . Activation imaging using arterial spin labeling (ASL) yields quantitative maps of CBF (Detre et al. 1992) , eliminating the necessity to compare a target with a referent condition Wong et al. 1998) . High reliability (e.g., Aguirre et al. 2002; Wang et al. 2003; Parkes et al. 2004; MacIntosh et al. 2008; Petersen et al. 2010; Pfefferbaum et al. 2010; Xu et al. 2010 ) makes the potential of activated CBF attractive for clinical and longitudinal studies. A primary advantage of activation ASL imaging is that the signal is directly related to blood flow and, like positron emission tomography (PET) (Raichle et al. 2001) , can provide quantitative and absolute measurements of CBF in different brain regions reflecting their level of activity.
Initial ASL activation studies used tasks with low demands, such as passive visual stimulation (Talagala and Noll 1998; Aguirre et al. 2002) and memory-guided sequential finger movement task (Garraux et al. 2005 ) but were successful in causing increases in several task-relevant areas of perfusion (e.g., left primary motor cortex and dorsal lateral premotor cortices) and decreases in others (e.g., right posterior cingulate gyrus). Relative to rest, finger tapping consistently modulated the somatosensory motor cortex bilaterally even when rest and the task were separated by one day (Wang et al. 2003) . A few studies employing tasks with higher cognitive demands used single slice imaging protocols, thereby limiting exploration of wholebrain activation patterns associated with the tasks (Ye et al. 2000; Mildner et al. 2005; Bangen et al. 2009 ). Studies using whole-brain CBF protocols have examined patterns of CBF changes during sustained attention and visual working memory in healthy subjects (Kim et al. 2006 ) and during memory encoding in patients with mild cognitive impairment (Xu et al. 2010) and have revealed substantial regional CBF differences, with some brain regions showing increased CBF and others decreased CBF, when task blocks were compared with rest blocks. Lim et al. (2009) compared pretask rest and post-task rest blocks and showed decreased CBF in a fronto--parietal network during the post-task rest compared with the pretask block that was interpreted as persistent cognitive fatigue. The posterior cingulate cortex and precuneus had significantly decreased CBF (deactivation) in task relative to rest blocks.
Brain regions consistently exhibiting high CBF (i.e., activation) during a resting state and lower CBF (i.e., deactivation) during a task are the posterior cingulate cortex, precuneus, and medial prefrontal cortex (Greicius et al. 2003; Fransson and Marrelec 2008; Damoiseaux and Greicius 2009; Detre et al. 2009 ; for reviews, Raichle 2009). PET studies based either on the oxygen extraction fraction (Raichle et al. 2001) or on the regional CBF (Mazoyer et al. 2001 ) have identified specific brain regions with high activity during rest relative to demanding tasks when these regions have lower activity. Functional connectivity magnetic resonance imaging (fcMRI) using BOLD signal fluctuations and low-frequency intrinsic functional correlations enabled identification of networks of brain regions with high connectivity during resting conditions (Greicius et al. 2003; Andrews-Hanna et al. 2010) . These core regions of the default mode network have been speculated to enable self-related mental processing (Shulman et al. 1997; Mazoyer et al. 2001; Raichle et al. 2001; Buckner et al. 2008; Andrews-Hanna et al. 2010 ) through intrinsic brain activity (Fransson 2006; Fransson and Marrelec 2008) . Comparison of intrinsic and evoked activity may provide insight as to how the intrinsic mode modulates goal-directed task performance (cf. Raichle and Gusnard 2005) .
Here, we combined whole-brain pulsed continuous ASL (PCASL) imaging (Dai et al. 2008 ) with high-resolution parcellated structural MRI to quantify changes in regional CBF during performance of a cognitive task involving spatial working memory and during rest blocks before and after the task. We tested the hypothesis that regional CBF would be influenced by task demands and that regions associated with the default mode network, particularly the posterior cingulate, precuneus, and medial frontal cortices, would be diminished during task engagement, while other cortical or subcortical regions would be activated relative to their resting state. Furthermore, we predicted that the posterior--inferior division of the precuneus would be the main source of CBF task-related variation (cf. Margulies et al. 2009; Pfefferbaum et al. 2010) . In keeping with the functional MRI literature, we refer to enhanced CBF as ''activation'' and diminished CBF as ''deactivation.'' Accordingly, we examined CBF changes related to task demands with parcellated whole-brain analyses to obtain specific measures in each cortical, subcortical, and cerebellar region. In addition to using a region-of-interest (ROI) analysis, we calculated wholebrain temporal connectivity maps across the 3 experimental conditions of Rest 1, Task, and Rest 2 (cf. Chuang et al. 2008; Lim et al. 2009; Zou et al. 2009 ).
Materials and Methods

Subjects
The subjects were 6 men and 8 women, age 25 to 42 (mean = 31.4) years. All were highly educated (college graduates or beyond). None smoked cigarettes, and all were right handed as determined by quantitative testing (Crovitz and Zener 1962) . None was permitted to have caffeinated beverages within an hour of the scanning session. Data were collected in a single session. All subjects provided written consent to participate in this study.
Image Acquisition
Data were collected on a GE 3T Signa Excite human whole-body system with a receive-only 8-channel array head coil and body transmit coil. The imaging protocol comprised 3 acquisitions of a whole-brain PCASL 3D perfusion sequence (Wang et al. 2005; Dai et al. 2008 Structural data also acquired were spoiled gradient recalled (SPGR) (TR = 5.916 ms, TE = 1.92 ms, thick = 1.3 mm, skip = 0 mm, xy matrix = 256; flip angle = 15°, locations = 124, FOV = 240 mm) and dual-echo fast spin-echo (FSE) (TR = 5000 ms, TE = 12.248/97.984 ms, thick = 2.5 mm, skip = 0 mm, xy matrix = 256; flip angle = 90°, locations = 72, FOV = 240 mm).
CBF Quantification
Following the method of Jarnum et al. (2010) , PCASL quantification was based on a 2-compartment model (Alsop et al. 1996) with finite labeling duration (Wang et al. 2005 ). Calculation of flow was based on the following equation
where f is the flow; S is the signal from the control, label, or reference image as determined by the subscript; T 1b is the T 1 of blood; T 1g is the T 1 of gray matter; a is the labeling efficiency; k is the brain--blood partition coefficient; t sat is the saturation time for proton density images (2 s); s is the labeling duration (1.5 s); and w is the post-labeling delay (2 s). The assumed parameters were 1.2 s for T 1g and 1.6 s for T 1b , 0.6 for effective labeling efficiency (Garcia et al. 2005; Dai et al. 2008) , and 0.9 for the brain--blood partition coefficient (Herscovitch and Raichle 1985) . The quantification was implemented using the Interactive Data Language.
Image Processing
For each subject, an intensity bias field correction was first applied to the SPGR and FSE images (Likar et al. 2001 ). The bias-corrected early-echo images were then aligned with the bias-corrected SPGR images via nonrigid registration (Rueckert et al. 1999; Rohlfing et al. 2003) (http://nitrc.org/projects/cmtk/). The early-echo and late-echo FSE images were acquired in alignment so that the early-echo-to-SPGR alignment also applied to the late-echo FSE image. Skull-stripped images were generated by running FSL BET (Smith 2002) on the SPGR, earlyecho, and late-echo FSE images separately and combining the resulting brain masks by voting (Rohlfing and Maurer 2005) after reformatting the 2 FSE masks into SPGR space. The skull-stripped SPGR images were then segmented into 3 tissue classes (cerebrospinal fluid [CSF] , gray matter; white matter) using FSL FAST (Zhang et al. 2001 ).
For each subject and each acquisition, the CBF images were aligned with the gray matter probability maps obtained from SPGR images using FAST. The rationale behind this procedure is that the CBF signal is expected to be predominantly in gray matter. We also evaluated other possible registration protocols using proton density-weighted images acquired in alignment with the CBF images as part of the ASL acquisition protocol. The tissue contrast and conspicuity of these auxiliary images were poor by visual inspection and resulted in unreliable and inaccurate registrations .
Because the CBF value at each acquired pixel represents an estimate of an absolute physical quantity within the volume of that pixel, these values required correction for local volume changes when the CBF images were reformatted into the space of the structural images. To this end, the value of each reformatted interpolated CBF pixel was multiplied with the local Jacobian determinant of the nonrigid transformation from SPGR to CBF space, which represents the local volume change due to applying the deformation.
For ROI-based analysis and intersubject comparison, we registered all skull-stripped subject SPGR images to the SPGR channel of the SRI24 atlas ) (http://nitrc.org/projects/sri24/). Using these transformations, ROIs defined in the atlas were transferred to each subject's SPGR image space. The SRI24 atlas parcellation scheme, adapted from Tzourio- Mazoyer et al. (2002) , was initially collapsed into 16 bilateral ROIs and a midline cerebellar vermis ROI (Table 1 , from Pfefferbaum et al. 2010) . Also, via concatenation of SRI24-to-subject with subject SPGR-to-subject CBF images, all CBF images were reformatted into SRI24 coordinate space for averaging and visualization. Again, reformatted CBF values had to be corrected for local volume changes, but we conceptually distinguished between the withinsubject parts of the total transformation, for which we corrected the CBF images using local Jacobian determinants, and subject-to-atlas parts, for which no correction was applied.
Regional CBF Quantification
Using the segmentation maps in each subject's native space, data were analyzed as CBF in mL/100cc of gray matter/min for the cortical regions and total tissue for subcortical (hippocampus--amygdala, caudate--putamen, globus pallidus, and thalamus) and all cerebellar regions. For the primary regional analysis for each condition, the CBF data were corrected for interindividual variations in global CBF and expressed as globally normalized data (i.e., standardized or Z-scores) by dividing the CBF value of each voxel minus the mean of the whole-brain CBF by the standard deviation (SD) of the whole-brain CBF ([voxel CBF--whole brain mean CBF]/[whole-brain CBF SD]).
Physiological Data Acquisition
During each of the 3 PCASL runs, heart rate, acquired with finger pulse oxymeter, and respiration, acquired with bellows, were collected with the physiological monitoring system integrated in the MR system. Analyzable heart rate data were acquired on 13 of the 14 subjects; all 14 subjects had useable respiration data. Heart rate and respiration were expressed as median beats or breaths per minute.
Rest and Cognitive Task Conditions
The PCASL protocol was acquired 3 times, each taking 6 min 49 s, and was run in the same order for all subjects: first rest (Rest 1), cognitive task (Task), and second rest (Rest 2). For both rest conditions, subjects were instructed to lie still, relaxed, and with eyes open. For the cognitive task condition, subjects performed blocks of a spatial working memory task, which involved visual presentation of memoranda (sequence of 3 or 6 spatially distributed positions), imposition of an 8-s retention interval of rest or an arithmetic or spatial tracking task, a 4.5-s recall interval for the 3-item sequences, and a 9-s recall interval for the 6-item sequences . Subjects used their right hand to respond by button box in the scanner; accuracy (percent correct accounting for accuracy and order of recall) and response time (in ms) were recorded for each trial. Rest-to-Task-to-Rest CBF Regional Temporal Connectivity Analysis A connectivity analysis using the 3 conditions, Rest 1--Task--Rest 2, in lieu of a traditional functional time series was conducted with the ''conn'' toolbox, implemented in SPM (http://www.fil.ion.ucl.ac.uk/ spm/ext/). Normalized regional CBF images corresponding to the conditions Rest 1, Task, and Rest 2 were preprocessed using Statistical Parametric Mapping 8 (SPM8) software (Wellcome Department of Imaging Neuroscience). For each subject, skull-stripped images of normalized CBF and coregistered late-echo FSE were spatially normalized and resliced to 3 mm isotropic resolution, using normalization parameters issued from the normalization of gray matter segmented from the FSE images onto the gray matter template from the Montreal Neurological Institute. All image sequences were routinely inspected for normalization artifacts and finally, spatially smoothed with an 8-mm full-width at half-maximum Gaussian filter.
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Statistical Analysis
Analyses used either raw (nonnormalized) or normalized CBF data. A series of 3-way within-subject analysis of variance (ANOVA), based on normalized CBF data, tested for differences between conditions and across ROIs in the left and right hemispheres. Each paired comparison was tested separately: Rest 1 versus Task, Rest 2 versus Task, and Rest 1 versus Rest 2. Where appropriate, Greenhouse-Geisser correction was used. Applying family-wise Bonferroni adjustment for 20 comparison (based on 19 bilateral and 1 midline ROIs) with alpha = 0.05 (2-tailed), the P value accepted as significant was 0.0025. Relations between regional CBF and performance and heart rate were examined with Pearson correlations; the family-wise Bonferroni adjustment with alpha = 0.05 (2-tailed) was applied to determine statistical significance.
Results
Global CBF
Global CBF was the nonnormalized sum of all voxels in the computed flow images within the skull-stripped brain mask, which included all cortical, subcortical, and cerebellar tissue and CSF (Fig. 1) . A repeated-measures ANOVA, comparing global CBF in mL/100cc/min, across the 3 conditions revealed a significant condition effect (F 2,26 = 4.198, P = 0.0263). Followup comparisons showed a small but significant increase from
Rest 1 (mean ± standard error [SE] = 37.15 ± 1.55) to Task (mean ± SE = 38.12 ± 1.69) conditions, followed by a decrease back to baseline levels at Rest 2 (mean ± SE = 36.92 ± 1.46).
Average Total and Regional Nonnormalized Cortical CBF in Each Condition
The average, nonnormalized, total cortical CBF was marginally different across the 3 runs (F 2,41 = 3.331, P = 0.0516). Expressed as mL/100cc of gray matter/min, the mean ± SE for the first rest condition (Rest 1) was 46.76 ± 2.04, the Task condition was 47.88 ± 2.26, and the second rest condition (Rest 2) was 46.47 ± 1.96. Across the 3 conditions, the intraclass correlation (ICC), an index of repeatability, was 0.956. The difference between the Task and Rest 2 conditions (F 1,27 = 4.85, P = 0.0463) was marginally larger than that between the Task and Rest 1 conditions (F 1,27 = 3.965, P = 0.068). The difference between the 2 rest conditions, however, was not significant (F 1,27 = 0.313, P = 0.59) and their ICC = 0.968. Regional CBF ranged from~25 to 60 mL/100cc of gray matter or tissue/min across the brain. Despite increases in some and decreases in other brain regions from rest to task, the relative ranking of CBF remained essentially the same across brain regions (Fig. 2) .
Differences between Task Conditions in Normalized
Regional CBF The first within-subject condition-by-region-by-laterality ANOVA examined differences between the Rest 1 and Task conditions. All 3 effects and each pair of interactions were significant (P = 0.004 to 0.0001) as was the 3-way interaction (F 15,195 = 90.892, P = 0.0001). Taken together with follow-up t-tests of the mean regional normalized CBF differences between conditions (Fig. 3) , these effects and interactions indicate significantly ''decreased'' activation from rest to task in the medial frontal, temporal, anterior and posterior cingulate, and precuneus ROIs, significant bilaterally for all except the right temporal ROI. At the same time, activation was ''increased'' in the occipital, calcarine, and superior and inferior cerebellar ROIs, significant for all on the right and bilaterally in the calcarine ROI. Of the 16 primary bilateral ROIs examined, mean deactivation of 7 ROIs and mean activation of 5 other ROIs were greater in the left than the right hemisphere, giving rise to significant laterality effects and interaction in the ANOVA (Fig. 3) .
The second 3-way ANOVA examined differences between the Rest 2 and Task conditions and yielded a similar pattern of significant effects, interactions, and follow-up regional differences as based on the Rest 1--Task comparison. Again, all 3 effects and each pair of interactions were significant (P = 0.009 to 0.0001) as was the 3-way interaction (F 15,195 = 3.557, P = 0.0118). The few differences in activation--deactivation patterns between Task--Rest 1 and Task--Rest 2 conditions were identified with follow-up tests by ROI. These paired t-tests (family-wise Bonferroni-corrected P < 0.0025) for the Task--Rest 2 comparisons revealed that the right hippocampal--amygdala ROI showed deactivation in the right hemisphere and that the left rather than the right occipital and superior cerebellar ROI showed activation. Of the 16 bilateral ROIs, mean deactivation of 4 ROIs and mean activation of 4 other ROIs were greater in the left than the right hemisphere, again giving rise to significant laterality effects and interaction in the ANOVA (Fig. 3) .
The third 3-way ANOVA examined differences between the first and second rest conditions. Neither the condition effect (P = 0.476) nor the 3-way interaction was significant (F 15,195 = 0.439, P = 0.416).
Parcellated Precuneus
Given the heterogeneity of perfusion levels within the precuneus and recently described differentiation of projection distributions from this anatomically heterogeneous structure (Margulies et al. 2009 ), we measured perfusion in 3 subparcellated regions of each hemisphere: anterior, middle, and posterior inferior (Fig. 3) . A series of 3-way ANOVAs examined regional differences between each pair of conditions. The Rest 1 versus Task ANOVA and the Rest 2 versus Task ANOVA yielded the same pattern of results, with significant simple effects of task condition, ROI, and laterality (P = 0.0001 for all effects) and 3-way interactions (Rest 1 vs. Task F 2,26 = 4.090, P = 0.0286; Rest 2 vs. Task F 2,26 = 4.792, P = 0.0169). In both comparisons, engagement in the task ''deactivated'' all 3 regions of this ROI but had consistent significant and largest effects in the posterior--inferior precuneus, with left greater than right.
The Rest 1 versus Rest 2 ANOVA failed to identify a significant 3-way interaction (F 2,26 = 1.389, P = 0.2672). A significant Figure 3 . Mean ± SE standardized differences in CBF for each lateralized and midline ROI and parcellated precuneus for each task pairs: Top: Task À Rest 1; middle: Task À Rest 2; and bottom: Rest 2 À Rest 1. The sagittal images are CBF differences averaged across the 14 subjects. Magenta, medial frontal cortex; red, anterior precuneus; orange, middle precuneus; yellow, posterior--inferior precuneus; green, posterior cingulate; blue, calcarine cortex.
condition-by-ROI (F 2,26 = 6.327, P = 0.0175) interaction indicated a small but statistically significant difference between Rest 1 and Rest 2, with some lower and some higher. Nonetheless, none of the follow-up paired comparisons for any ROI survived family-wise Bonferroni correction of alpha.
Nodes of the Default Mode Network: Normalized and Absolute CBF Three major ROIs of the default network-posterior cingulate cortex, posterior--inferior precuneus, and medial frontal cortices-were consistently affected by the rest-to-task-to-rest manipulation across all subjects (Fig. 4) . Of the 168 values (3 structures, 2 hemispheres, 2 rest--task comparisons, and 14 subjects), 165 were higher in the rest than task conditions (binomial test Z = 12.499, P < 10 -5 ). Separate ANOVAs of nonnormalized CBF for each of the 3 major ROIs (posterior cingulate, posterior--inferior precuneus, and medial frontal) for each hemisphere confirmed that the pattern observed with normalized CBF was a reflection of absolute changes in CBF (Fig. 5) . The task--rest effect was significant for 5 of the 6 comparisons (3 meet Bonferroni criterion for multiple comparisons): posterior cingulate left P = 0.0422, right P = 0.0995; posterior--inferior precuneus left P = 0.0001, right P = 0.0029; medial frontal left P = 0.0005, right P = 0.0271.
Rest--Task--Rest CBF Regional Temporal Connectivity Analysis Overall, the conjunctive group analysis revealed a robust and significant pattern of temporal connectivity (i.e., rest-to-task-torest) with the left posterior cingulate region reproducing the spatial topography of the 2 networks described in the previous analysis (Fig. 6 ). Rest--task--rest temporal CBF fluctuations of the left posterior cingulate region were positively correlated principally with regions in the default mode network, including the right middle orbital and superior medial frontal gyri, bilateral anterior and median cingulate cortex, right posterior cingulate gyrus, bilateral precuneus, bilateral Heschl's gyrus, right rolandic operculum, bilateral superior, and middle temporal gyri (Table 2) . Conversely, the left posterior cingulate CBF was negatively correlated with CBF in posterior regions, including bilateral lingual, superior occipital, and calcarine cortices, left superior and inferior parietal gyri, left inferior occipital gyrus, right middle temporal gyrus, and cerebellar crus I (Table 2) .
Cognitive Performance and Correlates of Task Performance
Cognitive test accuracy scores and response times showed the expected pattern, providing assurance that the subjects were performing the task. Specifically, scores were higher and response times faster with the memory load of 3 than 6 and without a retention interval distraction task than with one (Fig. 7) . Ceiling effects and skewed distributions of accuracy scores precluded investigation of correlations between accuracy and regional CBF.
Exploratory correlational analyses were conducted, however, on response times in the 6-item conditions involving arithmetic and tracking distractor tasks and CBF during the Task condition. Faster response times in the working memory task with tracking distraction showed a number of correlations with regional CBF, the most robust being between faster response times and higher CBF in the left globus pallidus (r = -0.68, P = 0.008), in keeping with the fact that all subjects were right handed and used their right hand to perform the task. Faster response times in the working memory task with arithmetic distraction correlated with higher right temporal CBF (r = -0.67, P = 0.0085), in keeping with the spatial nature of the task (Fig. 7) . Multiple regression analysis examined the independent contributions the right temporal and left globus pallidus CBF made to response times in the 2 spatial working memory distraction conditions. CBF in these brain regions together accounted for 64% of the response time variance (P = 0.0037) in the spatial working memory task with arithmetic distraction, with a greater independent contribution from the temporal (t = 3.301, P = 0.0071) than the globus pallidus (t = 2.382, P = 0.0364) CBF. Conversely, CBF in these 2 brain regions accounted for 67% of the response time variance (P = 0.0023) in the memory task with tracking distraction, with a greater independent contribution from the globus pallidus (t = 3.445, P = 0.0055) than the temporal (t = 2.657, P = 0.0223) CBF.
Additional but weaker correlations emerged between faster response times in the tracking distraction condition and higher CBF in the temporal (right r = -0.56, P = 0.0381), anterior cingulate (right r = -0.54, P = 0.0461), insular (right r = -0.62, P = 0.0188), globus pallidus (right r = -0.58, P = 0.0316), and caudate--putamen (right r = -0.58, P = 0.0306) ROIs and with lower CBF in the occipital ROI (right r = 0.58, P = 0.0314). Performance scores did not correlate significantly with any regional CBF at Rest 1 or Rest 2.
Physiological Measurements and Correlates of Regional CBF A repeated-measures ANOVA revealed that heart rate, expressed as median beats per minute, increased significantly with task compared with both rest conditions (F 2,38 = 8.358, P = 0.0018). Follow-up tests showed that heart rate in the 2 rest conditions did not statistically differ (Fig. 8) . Median Table 2 presents the connectivity statistics. respiration values showed the same pattern of change in task versus rest conditions (F 2,41 = 11.089, P = 0.0003). Heart rate and respiration did not correlate significantly with each other in any imaging condition. Despite these physiological changes with task demands, neither heart rate nor respiration correlated significantly with global CBF or any normalized or raw (nonnormalized) measure of CBF in any ROI for any task or rest condition.
Discussion
Whole-brain blood flow measurement with PCASL and a simple block design of~7-min acquisition of rest--task--rest revealed a strong pattern of CBF decrease (deactivation) in the classic default mode network and CBF increase (activation) posteriorly, primarily in visual cortex and superior cerebellum. This activation--deactivation pattern was demonstrated with a priori ROI analysis and a novel application of an SPM correlational connectivity analysis. Examination of laterality effects suggested a more dynamic role for left than right hemisphere in the patterns of activation--deactivation. Along with deactivation in the posterior cingulate region, parcellation of the precuneus into anterior, middle, and posterior--inferior regions revealed deactivation in the posterior--inferior but not middle or anterior precuneus and equally large as the posterior cingulate cortex. Use of normalized values put regional blood flow values for all ROIs on the same scale, thereby enabling direct comparisons to be made across individuals and ROIs, even those with substantially different baseline perfusion levels, and across imaging conditions, for which absolute global CBF showed a small but statistically significant increase from rest to task. The normalized values take into account the absolute increase in global CBF during task compared with rest. Furthermore, Figure 7 . Top: mean ± SE of percent correct (left) and response times (right) for the 3-and 6-memoranda spatial working memory test in each of the 3 retention interval conditions. Bottom: correlations between (left) the left globus pallidus CBF and the 6-memoranda task with the tracking distractor and (right) the right temporal CBF and the 6-memoranda task with the arithmetic distractor. Figure 8 . Respiration and heart rate, expressed as median counts per minute for each subject during each PCASL run. Note that heart rate values were valid for 13 of the 14 subjects.
unlike measures requiring contrasts for deriving activation quantification, normalized PCASL values were calculated for each imaging condition, thus permitting quantification of regional CBF per condition rather than as differences.
Global CBF varies considerably across individuals and within the same individuals across days, probably caused by a number of factors, such as variation in cardiovascular status, pulse, respiration, level of anxiety, and caffeine and nicotine consumption (for review, D 'Esposito et al. 2003) . Nonetheless, the relative distribution of CBF in various parts of the brain is consistent from day-to-day in the resting state (e.g., Aguirre et al. 2002; Wang et al. 2003; Parkes et al. 2004; MacIntosh et al. 2008; Petersen et al. 2010; Pfefferbaum et al. 2010; Xu et al. 2010 ). In the current study, an omnibus test of Rest 2 compared with Rest 1 across the whole brain showed considerable repeatability. Furthermore, the normalized regional decreases in CBF from Rest 1 to Task and increase from Task to Rest 2 were highly consistent across individuals, occurring in 165 of 168 observations in 3 nodes of the default network (left and right posterior cingulate, posterior--inferior precuneus, and medial frontal cortex). Activity in the precuneus/posterior cingulate node of a connectivity analysis were identified as the only one in the default network that correlated with nearly all other nodes whether at rest or while engaged in an activity (Fransson and Marrelec 2008) . Other studies using fMRI and spontaneous or evoked BOLD response to examine intrinsic connectivity in rest and active task states comport with the results reported herein indicating activity in selective nodes of a functional network correlated in both rest and activity conditions, thereby suggesting stability of identified networks (e.g., Buckner et al. 2009 ).
Previous ASL studies have used T 2 -weighted echo-planar imaging (EPI), 2D multislice strategies to explore the resting state. Chuang et al. (2008) proposed a method to control the substantial T 2 *-weighting (BOLD) contribution to EPI-acquired continuous ASL data and demonstrated high correlation between BOLD and ASL in sensorimotor cortex at rest and during a sequential finger opposition task. Lim et al. (2009) used a task--rest--task design with a visual vigilance and attention task with low-cognitive demands. From the first rest to task, CBF decreased not only in precuneus/posterior cortex, that is, nodes of the default mode network but also bilateral occipital cortex, not normally considered part of the default mode network but observed in an FDG PET activation study of the vestibular-ocular response (Wenzel et al. 1996) and the seminal explication of the default mode network (Raichle et al. 2001) . Task-related CBF decreases in nodes of the default mode network, however, do not necessarily indicate lower activity in those regions than occurs during task-related activity in other brain regions. Rather, the decreases could be transient from a baseline level rather than a return to baseline after an unexpected activation (Raichle et al. 2001 ). The post-task rest condition of Lim et al. (2009) compared with the pretask rest showed robust deactivation in several nodes of the default mode network; these data did not show a robust return to the default mode network pattern of CBF as seen in our data and were interpreted as a fatigue effect. Our task, while not so long (~7 vs. 20 min) but more cognitively challenging, did not produce this ''fatigue pattern.' ' Zou et al. (2009) demonstrated dynamic and static functional connectivity consistent with the default mode network in the resting state but did not compare the resting state with a task to ascertain whether a cognitive challenge would reveal an absolute decrease in CBF in nodes of the default mode network. In contrast to these T 2 *-dependent studies, we employed a T 1 -dependent 3D spiral ASL acquisition with full brain coverage and a requisite cognitive challenge to the default mode network (cf. Greicius et al. 2003) and demonstrated a post-task return to the default mode network pattern of CBF. Our interleaved 3D spiral PCASL acquisition takes several minutes and is not conducive to a time series analysis based on TRs of a few seconds, but unlike T 2 -weighted EPI with 2D multislice strategies, it does not present the problem of echo-planar spatial distortion or T 2 *-weighted BOLD contamination.
The effect size of deactivation of the default network from rest to task assessed with PCASL ranged from 0.3 to nearly 0.5 SD in the posterior cingulate and posterior--inferior precuneus regions. The deactivation pattern observed with PCASL was similar to that reported with resting state BOLD, but the change in CBF was on the order of 10%, which is in contrast to smaller effects typically observed with BOLD. Others have reported even larger dynamic CBF responses, which were elicited with a cognitive task (Mildner et al. 2005) . Bold can produce 1--3% signal changes, whereas the ASL CBF signal is less than 1% of the equilibrium MRI intensity, and a 10% change of that is equivalent to a 0.1% change of the equilibrium MRI intensity. With regard to thermal noise, BOLD has the advantage. If noise is from motion or subject instability, the larger fractional ASL signal change is an advantage. For stimulations longer than 3 min, and even shorter durations in less cooperative subjects, the instability in BOLD tends to make ASL preferable (Aguirre et al. 2002) . Thus the PCASL acquisition approach may be particularly useful in studies of children and neuropsychiatric patients, who as a group often present signal-to-noise ratio challenges in activation studies.
The posterior cingulate cortex is highly heterogeneous both anatomically and functionally and is a central component of the default mode network (Vogt et al. 2006) . Similarly, the recently described differentiation of projection distributions of the posterior portion of the anatomically heterogeneous precuneus are sites of high intrinsic task-free functional brain activity demonstrated with BOLD (Margulies et al. 2009 ) in nodes of the default mode network. The large task-related CBF decrease in the posterior--inferior precuneus relative to its anterior and middle portions adds further evidence for the heterogeneity of this cortical region. In the current study, the regions with the largest task-induced deactivation (left and right posterior cingulate and posterior--inferior precuneus) were also among the regions with the highest CBF at rest ); the greatest difference in absolute CBF from intrinsic to evoked activity was a 7% decline in the left precuneus that was followed by a 6.2% return to resting state. Despite this large taskrelated CBF difference, even during the task CBF was higher in the posterior nodes of the default mode network than the cortical average across the whole brain. This suggests that when an individual is in the default mode, these regions are indeed activated as indexed by high relative and absolute CBF, which is in turn reduced but still at high levels during task performance and with some higher than most other cortical regions. We speculate that the difference in regional CBF between the intrinsic (resting) and evoked (task) activity levels could represent functional readiness or reserve that is vulnerable to diminution by conditions affecting perfusion,
